INTRODU CTION
Product va ri ety is the di ve rsity of products provided to the marketp lace. Mass custom ization has been adopted by many manufacturing companies which aim to sati sfy indi vidual customer needs by introducing product va ri ety wh ile tak ing adva ntage of econom ies of scale. However, as the product variety increases so will the comp lex ity of manufacturing; and hence, a company should optimi ze its ex terna l vari ety wi th respec t to the internal co mpl exity. For thi s conflicting situation , designing and deve lop in g a product famil y has been recognized a an effective tool.
The production of product fam il y is important because it is at this stage when the product quality and production times are determined. Thi s suggests that the underl ying princip le of product fam il y design can onl y be fulfilled at the production Phase. Desp ite thi s fact, however, many approaches to prod uct family des ign fai l lo incorporate the comp lex ity of the manufacturing issues into fami ly des ign dec ision-making, such as assembl y seq uenci ng. Accordingly, we investi gate the impact of assemb ly sequenc ing for its potenti al impact on th e outcomes of product fami ly design decisions. In the paper, first, we review the pub li shed research in thi s area. Then, we describe the simulation model and the experimental design. Finally, we present the simul ation results along with their implication for practice and re lated future work.
LITERATURE REVIEW
Whether the ability to create product variety res ides with in the fle xibility of the manufacturing system or within the product arc hitecture, has been a major resea rch topic [45 ] . Hermann and Chinco lkar [ 16] proposed that new product design strategies should be tested by manufacturing requ irements. Another suggestion by Kusiak and He [22] was for product design strateg ies to be tested aga inst production scheduling changes [ 17] . In general, these suggestions are co llected under the idea of des ign ing the product va ri ety in the shop floo r. The research of McCutcheon et al. [29] suggests that companies tailor their products in order to shorten their delivery times. This is called "custom ization-responsive ness squeeze" [38] .
On the oth er hand , others claim that product des igners and process des igners pursue different goa ls (e.g .. [13] ; [43] ). Product designers are usually ignorant of factory capab ilities [24] . They fai l to recogni ze the interdependence of these two concepts [44] . The research presented in the paper aims to eliminate thi s "mi ss ing lin k" between des igning and manu facturing fo r product fa mili es.
Our rev iew of the state of the art is divided into three sections: I) des ign, 2) scheduling, and 3) optimizat ion . Under the des ign section , we first summari ze the defi nitions of product fam ily, product arch itec ture, modulari ty and group technology; and then provide an exa mple wh ich shows their relation to each other, along with re lated state of the art pertaining to our research.
Design
The des ign of a product involves establishing the fu nctional requirements by analyzi ng customer needs and expectations, creating a design in order to meet these requi rements, and fac ilitating the process to man ufac tu re the des ign created [7] . In genera l, tasks undertaken to ac hieve a des ign are very complex. For example, Fung et al. [ 1 OJ characterize the incorporation of both qualitati ve and quantitati ve in fo miation regarding customer requirements and engineering characteristics as the most important problem to be solved in the new product development. After the completion of the des ign, manufacturers can establish the set of operati ons to realize the des ign. Thi s set of operations is called process info nnation . Process info m1ation can be used in order to improve manu fac turing traceabili ty, standardi zation, and quali ty control while decreas ing the cost by utili zing the experiences of previous des igns and manu facturing operations. The process infomiati on requires product architecture in fo rmation as an input.
Product architecture is the mTa ngement of fun ctional elements of a product into several phys ical building blocks, including the mapping from fun ctional elements to phys ica l components, and the specification of the interfaces among interacting physical components [3 0]. According to Mikkol a and Gassman [30] , there are two types of components: I ) standard, and 2) new-tofirm . Standard components are those that ha ve been used in prev ious or existing architectural des igns by the firm or components that are ava ilable fro m the firm 's library of components whereas the new-to-fim1 components refer to product-spec ific components that are introduced to the firm fo r the first time, such as modul ar innovati ons [3 0] .
The goal s of using standard components are: 1) to minimize investment in product development and tooling, 2) to exploit economies of sca le, and 3) to preserve organizati onal focus leading to specialization and development capabiliti es [30] . The goals of new-to-firm components, on the other hand, can be class ified as: 1) to max imize product performance with respect to customer requirements, 2) to minimize the size and mass of a product-the des ire for part integration in order to conserve size and mass gives rise to an integral architecture which implies that components will have to be redes igned, and 3) to minimize the variable costs of production -va riables are largely determined by component mass and size [30] .
When the design is created using another product as a parent product, it is considered as a member of the product famil y. The concept of product fa mil y is defined by Fan and Liu [ 11] as a group of products based on a specific concept or from a standard parent product [in ref. 7] . It represents the use of common components to create versions for a product. The product famil y concept is close ly related to modularity.
The term modularity defin es the act of using some guidelines and standard components among a limited number of products fo r another product. See Figure I . Mikkola and Gass man [3 0] define modularity as an approach fo r organizing complex products and processes effic iently by decompos ing complex tas ks into simpl er acti vities so they can be managed independentl y. Modulari ty can also be tem1ed for the use of encapsulated units to meet the dynami c changes being faced by their host system with the aim of identifying independent, standardi zed, or interchangeable units to sati sfy a. variety of funct ions [2] . Modularity has also been a~gued . b~ Pine et al [34] to be the key to achieve of mass customization [m ref. 61 . · In Figure 1 , the 12 poss ible products (alternatives) can b regarded as members of product fami ly. These alternati differ from each other by having differe nt components. A no~s is that differe nt members of fam ily wo uld perform sim ilar task e given that their components belong to similar modules and thess simil ar components bring the simi lar funct ionality to the over~! product. However, there wou ld be at least one capability comin from at least one component that makes the product membe~ di ffe rent that would create the di ffe rentiati on in their fun ctions.
Modules
Prod uct Ty pes Benefi ts fro m modularity includes increased feas ibil ity of product and component change, increased product variety, reduced order lead time, deco upled risks, easier product diagnosis related to maintenance, repair, and disposa l [ I]. The characteri stics of modulari ty are the use of finite set of components to meet infinite changes of the environment, the establi shment of the module by reviewing the similariti es among the components, the ac t of keeping as much independence of resulting cell s as poss ible and the use of different modules for va ri eties of assemblies [ I] . The significance of these benefits can be better recogni zed when the effects to the whole supply chain is examined.
The disadva ntages of modul arity are redundant product architecture, excess ive product similari ty, and excessive capability due to des igning fo r the most ri gorous application. Forming modules early in the des ign process is desirable. However, it may cause modules to ignore certain constraints that appear later in the process [2 1 ]. Mo reover, the benefits of economies of substi tution depend on the production volume. In cases when the demand vo lume is low hi gh levels of modularity may not be the feas ibl e strategy [30] . Research concluded that modul ari ty management of product architectures should not be conducted in isolati on of manu fac turin g stra tegy and organi zational des igns, especially regarding to multi-project management.
Another concept related to product fa mil y is "group technology", a method that improves manu facturing effi ciency by separating components into part fa mili es [3 1]. manufacturing flexibility, increased quality, and increased job satisfaction [9] . The. objective of grouping components was also presented as _to max1m1ze the sum of similarities between each component [:i]; [27] .
In order to simpli fy explaining the term Group Technology, a good approach wou ld be to go over the term Product Family in reverse. Instead of putting components together to create a product fam ily membe~, the group technology starts from the member of product family and creates small batches of different but similar components to be manufactured (machined).
The notions of product architecture, product family, modularity and group technology play an important role in our research. While we study the impact of assembly sequencing on the product family design outcomes, we neither want to overlook the impact of assembly sequencing on similar arc hitectures (such as modular designs), or disregard developments in related manufacturing management strategies such as group technology.
The system we ha ve modeled for this investigation has three different products comprising a product family. Our simulation model specifically aids us evaluate the manufacturing statistics for varying assemb ly sequences and product family designs.
Scheduling
Flexibility of the final assemb ly process is a key driver of the ability of the firm to offer product variety. The consideration of design during the manufacturing process paying attention to technical constraints has been suggested as a profit enab ler [ 17] . In order to 111crease this profit, some firms delay the final assembly until the item is ready for shipment. This implementation is ca lled postponement [45] . Postponement is consistently mentioned as one of the central features of mass customi zation [46] . Two postponement strategies are observed in industry: I) time postponement, and 2) form postponement. Time P?stponement (TP) is termed for the strategy that delays the delivery until after the customer orders arrive. It is also commonly referred to as a "make-to-order" approach [42] . ~arm postponement (FP), on the other hand, delays the d1fferent1at1on of the products until later production stages. Fom1 postponement (FP) delays the differentiation of the products until later stages of the suppl y cha in. It requires ma~rnfacturers to stock generi c (semi-finished) components from which they draw upon for final assembly [42] .
In the comparisons of TP versus FP , the FP strategy has been found to be more favorable when there is high arrival time and process time variations, meanwhil e the TP strategy is more f~vorable in the situation of increased number of products and high 111terest rates (42]. When th is comparison is ex tended, it is observed that hi~h . uti lization leve ls as a consequence of high ~rnval t1111e va nat1on and high variation in the process time 111creases the wai.ting time of the time postponement strategy. The FP strategy 1s also more robust to the increases of arriva l lime variation and variation in the process time because of the s.tock of generic components. Therefore, as the inter-aiTiva l times .become more variab le, the FP strategy becomes more attractive. Moreover, it is noticed that high percentage of generi c component coverage decreases the wai ting lime of the FP strat · I f · egy w111out a fect111g the cost. Hence , a company seek ing lo reduce its customer waiting times and operating in an FP strntegy under hi gh utili zations shou ld consider delaying the differentiation of its products as long as possible. [ 42 ] .
Increasing the number of products also increases both the cost and the waiting time of the FP strategy but .not those of the TP strategy. Hence, increasing the number of products makes the TP strategy more attractive under both perfom1ance metrics. In addition, it is recognized that in the FP strategy, increas ing the genenc component coverage and reducing the number of products improve the waiting times. Hence, if a fim1 des ires to improve its responsiveness in the FP strategy, allocating resources to product improvement is more effective than process improvement.
Increases in interest rates have a larger impact on the FP strategy than on the TP strategy. This is because the FP strategy (a maketo-stock strategy) has more inventory than the TP strategy (a make-to-order strategy) [42] .
Potential changes executed in the scheduling strategies have the abilit)_' to affect the profitability of a manufacturing site. A ?enen c name for all scheduling changes would be the routing 111fomiat1on. The routing information is the way the product is produced. Examp les of such information would be machines labors and, tools fixtures , and specifications of operatio~ sequences [ 17] . Thanks to the app lication of a electron ic toothbrnsh examp le, this research will investigate the limits of the prnfitability occurred due to changes made in the schedu ling strateg ies with a smrn lat1on study.
Optimization
Scheduling. strategies are not sufficient when doing the product fam ily design analysis. The analysis gives the most realistic results when several criteria are cons idered. This can also be called customization according to the resources and requirements . Customization relies on the verification of costeffec ti ven~ss vs. utility , cost-effective vs. design changes, and cost-effectiveness vs. process variation s. Customer perceived va lue of custom ization is measured by utility vs. cost functions that are created by multi-criteria decision making methods [l 7] . L1 and Azarm [26] identified this issue of evaluation of candidate products using several criteria. Some of these criteria are: meeting the business targets (profit and market share), meeting the customer preferences, estab lishing a position among similar products in the market, product li fe cycle, and dealing with uncertainties in the market (discount rates, market size etc.).
When doing this customization , two design strategies are essenti al. Function sharing is a design strategy that elimin ates redundant properties of components using mapping components to fun ctions. Geometric nesting is a design strategy for efficient use of space and material within the consideration of the volume of the item [ 45] . Platform based design is not a good fit when it co mes to the balance of over-des ign and under-des ign of variants of product. It is sa id to be negatively corre lated with prnfitability. In order to prevent the over-design of the low-end varmnts and the under-design of the high-end variant, again multiple cntena such as utility and cost needs to be considered at the same time. Looking at long-term benefits instead of being fixated on the fixed costs is helpful in rea li zation of the importance of platform-based product development [20] .
3.

SIMULATION MODEL DEVELOPMENT
For the simulation model development, a simple manufacturing syste m is ado pted as shown in Figure 2 . The system is simulated Copyright 2007 by ASME using AUTOMOD version I I. I. The model estimates the incoming order quantities using the quarterly average demand of 1200 units for all products combined. The manufacturing facility produces 3 different types of electronic toothbrushes. Each order consists of demand for any one type of electronic toothbrush (for simplicity). In this study, the ' Vitality Series ' toothbrush developed by Oral-8 is considered. For any given order, once the required components are manufactured and procured, the product is then assembled, packaged and shipped. In time postponement, once a customer order has been received, internal orders (for manufacture of respective components) and external orders (to suppli ers for respective components) are placed. Once manufacture is comp lete and components are delivered from suppliers, the particular toothbrush model is assemb led, packaged and shipped. In contrast, for form postponement, a base inventory is used to store components for all toothbrush models. Un like the TP system, when a customer places an order, the inventory position is the system is checked to see if there is sufficient stock of respective components to meet the order. [f so, the current inventory leve ls are decremented, and assembly for desired toothbrush model begins. If not, a backorder is recorded, and based on the inventory position interna l and externa l orders are placed, and an outstanding order for the respective component is recorded.
Once assembly begins the model is simi lar to the TP system. Each time there is any change in current inventory leve ls; inventory position is checked to see if any internal/externa l orders are required to be placed. Inventory position is calculated using the following formula: Table. 2. Furthermore, key assumptions for both manufacturing strategies are as follows: l. The system has been modelled to simulate a period of three months, a month consisting of thirty days . Hence the run length for both systems is 2 160 hours. A warm-up time of 500 hrs was used.
2.
A total of 50 runs are conducted in order to determine a confidence interval for the system stati stics. 3. Downtimes for both systems are ignored, as the objective of the simulation is to determine wh ich postponement strategy is more effective. 4. Customers place orders for on ly one toothbrush model. The demand for tl11·ee toothbrush models is assumed to be as: 30 % for Model A, 35 % each for Models B & C. 5. While stocking parts for base inventory or in-proce s in ve nto1y, there are no constraints on floor space anti capacity. 
6.
Change-over setup ti mes between different product models is ass umed to be uni fonnly distributed between 48-72 min fo r all injection moulding mac hines, 25-30 min for the assemb ly mach ine and 13-17 pm for the packaging machine. ?. Suppliers for all components are assumed to be fa irl y reliable. Hence, suppli er lead times for outsourced components is assumed to triangularly distri buted wi th a min of 14 hrs, mode of 15 hrs and n1ax of 18 hrs fo r 1000 components. Hence, if the order placed to a supplier was for 2000 components, then the suppli er lead time wo uld be double of the va lue obtained from the di stribution mentioned above.
8. Once an order is complete it is shi pped immediately. Batch shipping is ignored.
9. Jn both models, there is no batch deli ve1y of components from suppliers. In order words, "cross-ordering" is permitted. 10. Base inventory leve ls in Fmm Postponement are determined using the (s , S) Inventory Policy. The mai n purpose of the si mulation is to fi nd out what the average lead times in both time and form postponement strategies wo uld be. The assembled entiti es are recorded with their processed enti ty numbers and their lead times before they are disposed off of the model. Finally, after all the stati sti cs are recorded, the entiti es are ready to be disposed by the model from five di ffere nt points each fo r all fi ve product types. Table 6 of that paper. Us ing this data, after a series of calculati ons, the demand rate has been approximated as follo ws : For toothbrushes priced between $ I 0 -$ 30 1999 QND Quarter -33,611 200 I QND Quarter -55,583 With a period of two yea rs an inflati on ra te of 65 % was observed. Hence, in the cu1Tent year of 2007, where the doll ar value has ri sen and people are more co nsc ious about ora l hygiene, it can be ass umed that there wo ul d be an infl ati on ra te of 650 % over 200 1 .
Esti mation of Demand Rate
2007 QN D Quarter -363 ,354 Using a mean va lue of $ 20 per too thbrush, the total num ber of sales of unit toothbru shes wo ul d be:
2007 QN D Quarter -18 M Of which 50 % would be electroni c toothb;·u5hes 2007 QND Quarter -9 M Of which Oral-B would consume 50 % of sa les 2007 QND Quarter -4.5 M The Vitality series is only one of the ten Oral-B products 2007 QND Quarter -450,000 (For Vitali ty Series) Of th is fi gure, it is assumed on ly 25 % of production is carried out at one manufacturi ng and assembl y plant.
2007 QND Quai1er -11 2,500 A quarter is assumed to .cons ist of 90 days . Hence the average demand per day is approx ima ted to be 1200 units per day.
Determ ination of Base Inventory for FP
A simple (s, S) poli cy [48) which neglects unders hoots (how far belows the invento1y positi on is located when an order is placed is used to determine the base inve ntory level. S and s are computed in a sequenti al fas hion as fo llows :
S=s + Q where S = Order-up-to leve l s = Re-o rder point level
Q = Economic order quantity (EOQ)
Re-order po int, s = XL + (safety stock)
where xL Forecast (or expected) demand over a replenislunent lead-time, in units
where A = fi xed component cost incu rred with each rep len ishment D = demand rate of the item, in units/unit time v = uni t va ri able cost of the item, in $/unit r = cany ing charge, cost of hav ing one do llar of the ite m tied up in the inve nto ry fo r a un it interval time (one year), in $/$/unit time Can·yi ng charge, as rule of thumb, is approximated to be 25% of the component cost for a year, which was determined to be $ 0.01 23/day for these toothbrush models. Due to lack of accurate data, fi xed component cost and unit vari ab le component cost are ignored as they should be the same fo r both systems. Hence, fo r demand µ 1200 and a 150, it was determined that: s = 900 units S = 1350 uni ts These va lues we re obtained while using suppli er lead times as repl eni shment time. However, thi s ca lculati on holds well onl y when no correlati on ex ists between internal de mand for components . Although, manufacturing lead times are smaller than suppli er lead times, the same va lues have been used fo r stock ing of manufactured components due to the correlation between demands.
EXPERIM ENTAL DESIGN
The de pendent and independent va ri ab les of the in ves tigation are summari zed below.
Independent Vari ables
Four independe nt variables are considered in the study: 1) assembl y sequencing; 2) vari ati on in demand and suppli er leadtimes; 3) the demand ; 4) the design of th e product fa mil y.
1.1 Asse mbly se qu encing
The assembl y scheduling strategies such as time postponement (TP) and fo rm postponement (FP) are tested to observe the total Copyright © 2007 by ASME and average lead time. TP requires orders to be put in the process as soon as they arrive. Therefore, this strategy wou ld enter the orders in the manufacturing system immediately as they come. On the other hand, FP strategy builds stock of all components. Accordingly, when an order is received some of the components of those orders are already processed. Indeed , TP is make-to-order; and FP is a combination of make-to-stock and make-to-order strategies. Also, TP and FP react differently to changes in independent variab les. Hence, for independent variables li sted below, the impact on both TP and FP have been ana lyzed.
Variations in demand and supplier lead times
Given fluctuating market conditions, the variation in demand is something that manufacturing fac ilities should pay attention to in order to maintain their long term profitability. The same can be said for suppliers with regard to lead-times while delivering a component. These variations have an impact on the lead time of orders and hence total cost. The investigation includes hi gher variations in both demand and supplier lead time to see how both TP and FP respond to greater uncertainty.
The Demand
Alternating demand quantities were tested to observe the influences on total costs and average lead times . It is important to know whether smaller or larger demand of toothbrushes have an impact on manufacturing, and how TP and FP strategies respond to this demand.
The Design of the Product Family
The design of the product fam ily can be alternated in order to improve the manufacturing facility performances in terms of total costs and average lead times. In the toothbrush case, the manufacturing site aims to meet the demand for three different members of the toothbrush fami ly. Overall, all toothbrush models cost the same in the market. Thus, technically, a customer who requests model I would not have any problem receiving model 2. Therefore, a manufacturing site should recursively investigate the design of this family accord ing to the changing conditions of the market. It might be more profitable for the manufacturing facility to have less than 3 variants in the family. Although they mi ght be increasing the costs while offering more product variety to the customers at certain times, they might still manage to increase their profits thanks to the adva ntages of creating a more effic ient job shop floor by decreasing the number of product variants within a family.
Dependent variables
A review of the earli er work revealed that mostly either the average lead time or the total production cost for different members of product family were indicated as performance measures in most of these studies. In add ition to these two perfo1111ance measures, work-in-process, invent01y , utili zat ion ratios, and average set-up time were also used. Most of the reviewed research work focused primarily on the product fami ly issues from an expense-revenue perspective, and neglected to incorporate the time issues in the studies. Thi s research di ve rges from earlier work carried out by cons idering both cost and time. I) The total cost; and 2) the average lead time ; of all three toothbrush models were se lected to be emp loyed as the performance measures of the system.
.1 Total Cost
The total cost includes the costs of each storing each compone and a cost associated with the lead-time for each order. Giv~~ that each toothbrush model costs $ 18.0 in the market, it ha been ass umed that a cost of $ 0.01 23 per day is incurred for each component (irrespecti ve of which model that component belong to) that waits. in the invento1y before assemb ly can begin Furthermore, it has been assumed that the company incurs a pena lty cost of $ 1.20 per day ($ 0.05 per hour) for each toothbrush since an order has been received. Such a costing procedure ensures that major emphasis is placed on lead-times. Since the purpose of this investigation is to ascertain while postponement strategy is more effective production costs have been ignored as they wou ld be the same for both TP and FP systems . This is a very important measuring performance for the manufacturing system because the manufacturing facility onl continues to ex ist as long as it meets the demand for reasonable costs. Therefore, in order to observe the influence of the investigated changes on the manufacturing performance, the total cost variable was used.
The Average Lead Time
In add ition to the total production cost, the average lead time was used to see how the system was reacting to the changes performed . The average lead time is the total time the toothbrushes spend in the manufacturing facility. It includes the time that components spend in the queues before the machine and assembly and the process time in the machines and assemb lies along with packaging and sh ipping.
5.
RESULTS Several simulation runs (50) were perfom1ed after the comp let ion of the model creation. Each run was planned to last one production quarter (90 days) . Randomly incoming orders were processed in the faci lity under varying circumstances. Each time the model was run a different random number stream was used. To synchron ize customer orders for both models, a dedicated random number steam was used for generating customer arrivals, and another stream was used for shipping of products. For comparing assemb ly sequencing strategies the results from 50 runs were observed for TP and FP and the difference between them was ca lcu lated . Then a 95% Cl wa created on the difference as listed in Table 3 . From the results it is clear that for the considered manufacturing system, FP is a more effect ive strategy when compared to TP. Although the invent01y costs in FP are hi gher, the overall total cost is lower as in the lead-time. Hence, maintaining a base inventory level. which is considered a liability in most manufacturing systems, provides a clear advantage when compared to maintaining no inventory at al l.
The simu lation model reacted differently to the changes that were performed on the variance in incoming demand and suppli er lead-t imes. The base case, with demand normally distributed with p 1200 and CT 150 units and supp lier lead times triangularl y distributed as (min-14, mode-1 5, max-18) hrs, wa compared to scenarios with demand ~1 1200 and CT Table 4 .
With increase in variance of demand, lead-time and total cost for TP tended to increase, especiall y w ith a 450 un its an increase of 2-3 hours was observed. In contrast, in FP there was no signifi cant change as th e variance in demand increased. Based on thi s, one can conclude th at FP is more robust than TP w ith regards to uncertainty in demand . Manufacturing compani es along with product des igner should study the forecasted demand and if large variations and uncertainties are expected, FP would be a more effective strategy to imp lement. However, it is interest ing to note that in F P, thought the lead-times do not increase, the total costs rise as the variance in demand increase. This is due to the fact th at as variance increases, so does the base inventory level which has been ca lcul ated using the (s, S) inventory policy. Despite increased inventory costs, which in tum lead to hi gher total costs, FP still outperforms TP for all th e a va lues experimented with. W ith regards to variations in suppli er lead times, both T P and FP showed considerable increase in lead-t imes and costs as the tri angul ar spread was increased . W ith _supp lier lead-times at (min-I O,mode-I 5,max -25) hrs TP saw an mcrease in lead-time of 4-9 hrs while in TP an increase of 12-16 hrs was observed. Both strategies indicated a dependence on supplier lead-t imes, more so in FP as it relies heavily on base inventmy levels to fulfill customer orders. Product designers are advised to incorporate components that can be procured easi ly from re liab le suppl iers. The observed statistics are of utmost importance to manager and process planners so that while design ing or running a manufacturing sys'.em, because process/demand uncertainties occur on a regular basis; and the most re liab le and robust manufacturing strategy should be selected.
With increase in variance of demand, lead-time and total cost for TP tended to increase, especiall y w ith a 450 units an increase of 2-3 hours was observed. in contrast, in FP there was no significant change as the variance in demand increased. Based on thi s, one can conclude that FP is more robust than TP with regard s to uncertainty in demand. Manufacturing companies along w ith product des igner should study the forecasted demand and if large vari ations and unce11a inti es are expected, FP wo uld be a more effecti ve strategy to imp lement. However it is interesting to note that in FP, thought the lead-times do not increase, the total costs rise as the variance in demand increase . T his is due to the fact that as variance increases, so does the base mventory level w hi ch has been calculated using the (s, S) mventmy policy. Desp ite increased in ventory costs, which in tum lead to hi gher total costs, FP still outperforms TP for all the a value' s experimented with. With regards to variations in supp li er lead times, both TP and FP showed considerable 111crease in lead-times and costs as the tr iangular spread was increased . With supplier lead-times at (min-I 0,mode-I 5,max-25) hrs TP saw an increase in lead-time of 4-9 hrs while in TP an increase of 12-16 hrs was observed. Both strategies indicated a dependence on supplier lead-times, more so in FP as it relies heav ily on base invento ry levels to fulfill customer orders. Product designers are advised to incorporate components tha t can be procured easily from reliable suppliers. The observed statistics are of utmost importance to manager and process planners so that while designing or mnning a manufacturing system, because process/demand unce11ainties occur on a regular basis; and the most reliable and robust manufacturing strategy shou ld be selected.
When the quarterly demand was adjusted to be 33% ( 1600 units) more than the demand in the original mode l, it was observed the lead times and total cost augmented significantly. lead tunes were not noticeably affected. Considering that all toothbrush models cost the same, such a change in the product fami ly des ign would not be beneficial for the manufacturer. A similar ana lysis was made when the facility would manufacture only one toothbrush model (i .e. I 00% orders for Model I). Once more, these changes didn't reflect significant improvements in terms of lead times and cost. The results indicate that decreasing or increas ing the number of products in a fami ly does not have significant advantages and that the fac ility is better off by producing all three types of toothbrushes rather than excluding any toothbrush models from their product po11fol io. The re ults of these experiments are listed in Table 5 . 
CONCLUS ION
Th is paper aims at provid ing product designers and process engineers at closer look at how assemb ly sequencing is impacted by product design and manufacturing uncertainties. As mentioned earlier in the literature rev iew, product designers are ignorant of factory capabil ities and that manufacturing comp lexities are not cons idered during the design stage. The experiments conducted in thi s study wi ll allow product des igners to cons ider manufacturing intricacies wh ile deciding the number of product variants withi n a fam ily, and how time postponement and fonn postponement strategies respond to the number of variants within the fami ly. The study will also help process engineers to deci de whi ch man ufactur ing strategy shou ld be employed in order to decrease customer lead-t imes and reduce overa ll costs. From the obta ined resu lts it can be concluded that in most of the experimented scenarios, Form Postponement has a distinct advantage over Time Postponement for the considered manufachlfing system. With regard to uncertainties in demand and change in overall demand, FP again seems to be a more robust man ufacturing strategy. From a management perspective th is is a critica l requirement, because wh il e forecast ing de li ve1y times to customers, a more robust and reliab le strategy wou ld be desired. Another important observation is that both TP and FP mode ls are constrained by supplier lead-times, as higher lead- times were recorded as the spread of supplier lead-times was increased. This means that selecting reliable suppliers is of utmost importance for an effective manufacturing strategy. These conducted experiments should allow manufacturing firm a better insi ght while making product fami ly related design decis ions.
More experiments need to be conducted to observe how FP and TP react to changes in inter-arrival times and whether increasing the number of resources would impact lead-times and overall costs. lt can be speculated that TP wou ld be prefell'ed over FP when the time between customer arriva ls wou ld be high. This would result in stocking of components as base inventory for longer periods of time which wou ld result in increased inventory costs, thus negating the advantage FP has over TP. Furthermore. toothbrush components are re latively inexpensive as compared to aircraft or automobi le components, where inventory stocking costs wou ld be extremely hi gh and using FP strategy would be efficient. However, further ana lysis is required to corwborate these claims. Also, model s that incorporate mult i-stage assembl} systems sho ul d be deve loped to observe TP and FP man ufacturing strategies. In mul ti-stage assemb ly system simu lat ion opt imi za tion wou ld need to be carTied out to detern1ine inventory levels and optimum po int of diffe rentiation where lead-times and overall costs can be reduced. Simulation optimization can be ca.rried o~t in Autostat, the statistical analysis software prov ided with Automod than uses and :noditied Genetic Algorithm search heuristic.
